The corrosion resistance and adhesiveness of a hydroxyapatite (HAp)-coated AZ31 magnesium alloy rolled plate were evaluated by a salt spray test (SST: JIS Z 2371) and a cross-cut test (CCT: JIS K 5600), respectively. The length of the HAp coating solution treatment was 4 or 6 h. A HAp coating consisting of an inner continuous layer and an outer porous layer uniformly covered the surface regardless of the treatment period. After the SST for 7 days, the HAp-coated surfaces showed no significant delamination but several visible pits. The HAp coating in the non-corroded area retained its original morphology after the SST by a SEM observation. The rating number (RN) for the HAp-coated specimens was over 9, which was much higher than RN 4 observed for the chemically polished specimen covered almost entirely with filiform corrosion. The RN of HAp-coated specimen increased slightly with a longer treatment period. The adhesiveness of the HAp coating was not influenced by the SST according to the CCT. After removing the corrosion products and HAp coating from the non-corroded area, small pits with a diameter of a few hundred micrometers appeared; however, general corrosion did not take place underneath the HAp coating. The HAp coating shows high corrosion resistance and good adhesiveness to the AZ31 substrate.
Introduction
Magnesium alloys attract attention as light-weight component materials that reduce the weight of vehicles, aircraft, and mobile electronic devices from an economic and ecological point of view. This is attributed to the advantages of magnesium alloys, such as relatively low density, good damping characteristics, and good shielding efficiency for electromagnetic waves. 13) However, their poor corrosion resistance limits their practical application. 4) The poor corrosion resistance of magnesium alloys originates from the lowest corrosion potential of magnesium among practical metallic materials. To promote the practical use of magnesium alloys, improvement of the corrosion resistance is a critical issue. Surface coating is an effective means to improve the corrosion resistance. 5) Conventional coatings are composed of chromate compounds. Because of the toxicity and environmental load of chromate, the development of non-chromate coatings is necessary for magnesium alloys. As a non-chromate coating, phosphate coatings, such as phosphate-permanganate and zinc phosphate coatings, are actively studied 514) because the phosphate coatings show good adhesiveness to organic paints and corrosion resistance comparable to the chromate coatings. Therefore, calcium phosphate, e.g., HAp, tricalcium phosphate (TCP), and octacalcium phosphate (OCP), can also be a good coating material for magnesium alloys.
HAp is the most chemically stable compound among calcium phosphate compounds, 15) indicating that HAp is stable under interior and exterior environments. HAp is a component of bones, 15) indicating that HAp is not harmful to the environment and HAp coatings can be environmentally friendly. HAp shows high affinity to organic substances 15) and is used for a column filling for protein chromatographs and as an absorbent of contaminants for TiO 2 photocatalysts; 15, 16) therefore, HAp coatings will show good adhesiveness to organic paints. We developed a novel single-step solution treatment (chemical conversion) method for the formation of HAp, TCP, and OCP coatings for magnesium alloys to improve the corrosion resistance.
1720)
In other solution treatments for HAp coating, 21, 22) two treatment steps are necessary. Since magnesium ion prevents the crystallization of HAp, a protective film should be formed at the 1st treatment step to prevent the release of Mg ions in the subsequent solution treatment for HAp coating. 21, 22) The developed single-step treatment is then more cost-effective than the others. Moreover, because the developed treatment solution consists of non-toxic reagents, the coating process is environmentally friendly. We proved that HAp-coated pure Mg and a AZ31 alloy show high corrosion resistance in a 3.5 mass% NaCl solution. 19) Here, the HAp coating almost retained its original morphology after 7 days of immersion. Yang et al. also reported that AZ31 coated with HAp by an ion-beam technique showed high corrosion resistance in a 3 mass% NaCl solution. 23) In this study, an SST was applied to an AZ31 rolled plate coated with HAp, and the corrosion resistance was evaluated. A CCT was applied to the HAp-coated specimen as-prepared and after the SST, and the adhesiveness of the HAp coating was evaluated. In the SST, the specimens were exposed to a 5 mass% NaCl solution spray that washes away the dissolved Mg ions and prevents the accumulation of corrosion products on the surface. Thus, the SST environment is severer than that of the immersion test, in which the accumulated corrosion products can form a layer and act as a barrier.
Experimental

Calcium phosphate coating
Specimens of 150 mm (L) © 70 mm (W) © 2 mm (T) were cut from an AZ31 magnesium alloy (Al 3.2 mass%, Zn 0.93 mass%, Mn 0.4 mass%, Si 0.04 mass%, Cu 0.0038 mass%, Ni 0.0086 mass%, Fe 0.003 mass%, Mg Bal.) rolled plate as a substrate. The specimen surface was polished with SiC paper (Buehler) up to #600. Just before the coating treatment, the surface was chemically polished with an 8 vol% HNO 3 4 solution was prepared, and the pH was then adjusted to 8.9 using a NaOH solution. The specimen was treated in the treatment solution at 363 K for 4 or 6 h. The pH change of the solution after the treatment was negligible. The prepared specimens are listed in Table 1 .
The treated specimens were characterized using XRD (Xray diffraction; RIGAKU, RINT-Ultima III), SEM (Scanning electron microscope; HITACHI, Mini-scope TM-1000), and GD-OES (glow discharge-optical emission spectrometry; HORIBA, GD-Profiler 2).
Salt spray test
The SST was performed on the chem-polished, 4 h-and 6 h-treated specimens in accordance with JIS Z 2371. 24) A salt solution of 5 mass% NaCl was sprayed on the specimens with a spray rate of 1.5 mL an hour to an area of 80 cm 2 in a closed testing chamber for 7 days. Three specimen plates were prepared for each condition. The corrosion resistance of the specimens was evaluated by the appearance and rating number (RN) method, which is prescribed for evaluating the result of SST. The RN corresponds to the corrosion area ratio (A), which is determined by comparing the size and number of corrosion defects on the specimens with the standard figure exhibited in the JIS Z 2371. The relationship between RN and A is expressed as eq. (1) but as eq. (2) when the RN is in the range of 9.3 and 9.8.
Accordingly, the RN is assigned from 0 to 10. RN 10 corresponds to the barely visible corrosion, and RN 0 corresponds to the maximum of corrosion defects. The RN is sometimes expressed as 9.8-2 and 9.5-5. Here, the value following the hyphen indicates the relationship between the size and the number of corrosion defects: the larger value indicates the larger number of corrosion defects with the smaller size. This value is assigned from 1 to 6. The larger RN, thus, corresponds to the higher corrosion resistance. The specimens after the SST were characterized using XRD, SEM, and GD-OES. Corrosion products and HAp coating were removed with a chromate solution to examine the corrosion of the substrate. The pit depths were measured with a laser microscope (Keyence, VK-8500).
Cross-cut test
The CCT was performed on the 4 h-and 6 h-treated specimens as-prepared and after the SST in accordance with JIS K 5600-5-6. 25) A right-angle lattice pattern was cut into the coating and forced into the substrate using the blade of a knife. The intervals of the lattice were 1 mm. Scotch tape was adhered to the lattice and then pulled off. The evaluation took place using SEM because the remainder of the HAp coating was barely visible to the naked eye. According to the numbers of chipped-off squares and the appearance, a crosscut characteristic value was assigned from 0 to 5. Here, value 0 corresponds to the surface on which the edges of the cuts are completely smooth and none of the squares of the lattice is detached. Value 4 corresponds to the chipped-off ratio of about 65%. Value 5 corresponds to the surface which cannot be classified by value 4.
Results and Discussion
Morphology of the coatings
The XRD patterns of the chem-polished, 4 h-and 6 htreated specimens are shown in Fig. 1 . The diffraction peak at 34.5 degrees originated from the (002) plane of magnesium crystal showed noticeably higher intensity than those from the other planes of magnesium crystal. The basal planes in magnesium crystals were highly oriented in parallel to the specimen surface.
On the 4 h-and 6 h-treated specimens, diffraction peaks originated from HAp were observed in addition to those originated from the substrate AZ31. The intensity of HAp peaks on the 6 h-treated specimen was higher than that on the 4 h-treated specimen. The HAp coating, thus, grew with an increase of the treatment period. The peaks at 25.9 and 53.0 degrees, which are respectively originated from (002) and (004) 19) This fact suggests that the preferential growth direction of the HAp crystal plane does not depend on the texture of the substrate. Figure 2 shows the appearance of the chem-polished, 4 hand 6 h-treated specimens. The chemically polished surface showed metallic luster. The 4 h-and 6 h-treated surfaces were covered with a uniform light-grey coating, and no visible defect was observed on the coatings with the naked eye. Figure 3 (a) shows a surface SEM image of the 6 h-treated specimen. Dandelion-like aggregates of rod-like crystals covered the surface uniformly and densely. Similar surface morphology was observed on the 4 h-treated specimen, while the aggregates on the 4 h-treated specimen were slightly smaller than those on the 6 h-treated specimen. Defects with a diameter of a few ten micrometers were sometimes observed on the coating for both the 4 h-and 6 h-treated specimens. The morphology of the defects on the rolled AZ31 was similar to that on the extruded AZ31. 20) It was suggested for the extruded AZ31 that the defects of HAp coating were formed on AlMn enclosures. 20) The rolled AZ31 contains a slight amount of Mn (Table 1) , and enclosures with a diameter of a few micrometers were observed on the chemically polished surface, as shown in Fig. 3(c) . These results indicate that the defects of the HAp coating on AZ31 rolled plate are also due to the AlMn enclosures.
The cross-sectional image [ Fig. 3(b) ] shows that the HAp coating consisted of an inner continuous layer and an outer porous layer similar to those formed on the extruded AZ31 and pure Mg. 19, 20) The outer layer was composed of rod-like crystals growing in a radial direction from each dome. The good adhesiveness of phosphate coatings to organic paints depends on the microporous structure of the coating. 5, 13) Therefore, the porous structure of the outer layer will exhibit good adhesiveness of the HAp coating to organic paints.
Xu et al. reported that the zinc phosphate coating consisting of an inner amorphous layer composed with an outer crystalline Hopeito layer showed higher corrosion resistance than that with a reverse structure because the amorphous layer is more continuous than the crystalline layer. 10) We reported that the corrosion resistance of HApcoated pure Mg depends on the crystalline phase and thickness of the inner layer. 19) These results suggest that the protectiveness of the two-layer coating depends on the morphology and crystallinity of the inner layer. The inner continuous layer consisted of densely packed dome-shape precipitates [ Fig. 3(b) ]. Because of this morphology, pinholes seemed to be formed between the domes. The thickness of the inner layer on the 6 h-treated specimen was 25 µm, which is equivalent to 26 µm on the extruded AZ31 treated for the same treatment period. 20) Here, with an increase of the treatment period, HAp peaks on the XRD pattern grew (Fig. 1) , and the inner layer grew on the extruded AZ31 with a growth of each dome. 20) Therefore, the HAp coating on the rolled AZ31 should also have grown with a longer treatment period. The number of pinholes might then decrease with a growth of the domes.
Surface morphology after the salt spray test
After the SST for 7 days, the RN was obtained and listed in Table 2 . A board of 25 mm (L) and 25 mm (W) was cut from the center of the chem-polished, 4 h-and 6 h-treated specimens. The appearance of the corroded specimens was then observed as shown in Figs. 4(a)4(c) . Subsequently, the corrosion products and HAp coating were removed from the surface, and the appearance of the substrate surfaces was observed as shown in Figs. 4(d)4(f ) . Pits that were visible to the naked eye are marked with yellow circles on the 4 hand 6 h-treated specimens. The chemically polished surface [ Fig. 4(a) ] was fully covered with corrosion products, and the metallic surface was scarcely visible. After removing the corrosion products from the chem-polished specimen, many filiform pits with a length up to several millimeters and a depth up to 350 µm appeared. A metallic luster remained in the non-corroded area.
The 4 h-and 6 h-treated specimens [Figs. 4(b) and 4(c)] had fewer pits than the chem-polished specimen [ Fig. 4(a) ], as indicated by the much larger RN of over 9 of the former specimens than that of 4 of the latter specimen. Here, the RN over 9 corresponds to the A less than or equal to 0.10%, and the RN 4 corresponds to A greater than 2.5% and less than or equal to 5%. The pit on the 6 h-treated specimen was slightly smaller than that on the 4 h-treated specimen. Neither delamination nor change in color was observed on the HAp coatings in the non-corroded area.
After removing the corrosion products and HAp coating, the number and position of the visible pits did not change [Figs. 4(e) and 4(f )]. No apparent general corrosion took place underneath the remained HAp coating. On the other hand, small pits with a diameter of a few hundreds micrometers were found underneath the HAp coatings by a SEM observation, as shown in Fig. 5 . Figure 5 shows an example of a small pit on the substrate surface of the 6 htreated specimen.
In the case of extruded AZ31 coated with HAp, the coating with fewer defects showed higher corrosion resistance. 19, 20) The RN of HAp-coated specimens increased slightly with a longer treatment period (Table 2 ). These facts indicate that Table 2 Rating number of specimens after the SST for 7 days.
Specimen
Rating Number (RN)
Chem-polished specimen 4-2 Greater than 2.5, and less than or equal to 5 4 h-treated specimen 9-1 Greater than 0.07, and less than or equal to 0.10 6 h-treated specimen 9.3-2 Greater than 0.05, and less than or equal to 0.07 pitting took place beneath the defects and pinholes of the HAp coating. The variety in the size of pits is then attributed to the various sizes of defects and pinholes. It is obvious that the defects and pinholes have to be reduced to improve the protectiveness of HAp coating. Miura et al. reported the pretreatment to eliminate AlMn enclosure from AZ31 alloy to reduce the coating defects. 26) Sealing of defects and pinholes with organic paints and silicate compounds or by steam treatment is another way. 5, 27, 28) 3.3 Surface composition after the salt spray test Figure 6 shows the XRD patterns of the chem-polished and 6 h-treated specimens after the SST. On the chempolished specimen, broad diffraction peaks from Mg(OH) 2 , small peaks from MgCl 2 , and a trace of MgCO 3 ·3H 2 O appeared. In addition, a broad peak (halo) appeared in the range of 30 to 40 degrees. These results indicate that the corrosion products consist of mainly low crystalline Mg(OH) 2 and trace amounts of MgCl 2 and MgCO 3 ·3H 2 O. The dominant Mg(OH) 2 formation indicates that the specimen under the SST was in the corrosion zone of the corrosion map suggested by Wang et al. 29) Wang et al. reported that magnesium carbonate was formed on the extruded AZ31 with dissolved CO 2 in the case of a diluted NaCl solution. 30) On the 6 h-treated specimen [ Fig. 6(b) ], small peaks from Mg(OH) 2 appeared after the SST. The white corrosion products filling the pits (Fig. 4) then consist primarily of Mg(OH) 2 . HAp peaks retained their original shape after the SST. Moreover, both the inner and outer layers were clearly retained according to a cross-sectional SEM observation (Fig. 7) . These results confirm the good adhesiveness of the HAp coating to the rolled AZ31 under the salt spray condition.
The GD-OES profiles of the 6 h-treated specimen asprepared and after the SST are shown in Fig. 8 . A slight amount of Cl was detected after the SST by GD-OES, while an MgCl 2 peak was not detected by XRD. The detected Cl might be due to the contaminated NaCl. A broad peak of O, Ca, and P spectra appeared in the range from 0 to 200 s of sputtering time. The intensity of the O, Ca, and P spectra simultaneously and sharply decreased at 200 s of sputtering time, and the intensity of the Mg spectrum increased at the same sputtering time. Thus, the broad peak corresponds to the HAp coating layer. A negligible change in the shape of the Mg, O, Ca, and P spectra was observed after the SST. The simultaneous intensity decrease of the O, Ca, and P spectra proves that no significant corrosion product was formed at the boundary between the HAp coating and the substrate. This fact also indicates that general corrosion of the substrate did not take place underneath the HAp coating while small local corrosion took place underneath the defects and pinholes of the HAp coating. The formation of a thin Mg(OH) 2 layer at the boundary caused the delamination of HAp coating in the case of pure Mg immersed in a 3.5 mass% NaCl solution. 20) Thus, the lack of formation of a boundary Mg(OH) 2 layer suggests the good adhesiveness of the HAp coating to the AZ31 substrate even under a severe salt spray environment.
Adhesiveness of the coating
SEM images of the center square of the lattice after peeling off Scotch tape are shown in Fig. 9. Figures 9(a) and 9(b) are for the 6 h-treated specimens as-prepared and after the SST, respectively. The CCT was performed on the non-corroded area in the case of the specimens after the SST. All the squares in the lattice were similar in appearance in the 6 htreated specimens. The 4 h-treated specimens as-prepared and after the SST were also similar in appearance. Some areas exhibit a dark-colored area that originates from the remaining adhesive after the tape was removed. The HAp coating was chipped off along the grooves to a width of 100250 µm, and about 70% of the HAp-coating area remained. The chipped-off width depended on neither the treatment period nor the execution of SST. The cross-cut characteristic value for every specimen was then assigned as 3. Value 3 is for the surface with a chipped-off ratio of about 35%. The lack of noticeable influence of SST on the chipped-off behavior indicates that adhesiveness of the HAp coating was not affected by the salt spray although small pits were formed underneath the HAp coatings. This result coincides with the non-formation of the Mg(OH) 2 intermediate layer during the SST indicated by the GD-OES results (Fig. 8) .
Conclusions
The AZ31 magnesium alloy rolled plate of 150 mm (L) © 70 mm (W) © 2 mm (T) was coated with a HAp coating formed by the solution treatment (chemical conversion) for 4 or 6 h. The SST was performed for 7 days to evaluate the corrosion resistance. The HAp coating uniformly covered the surface regardless of the treatment period. The HAp-coated specimens showed pitting corrosion, while the chemically polished specimen was almost covered by filiform corrosion. As a result, the HAp-coated specimens showed RN over 9, which was much larger than RN 4 of the chemically polished specimen. The RN of the HAp-coated specimen slightly increased with an increase of the treatment period. No apparent delamination of the HAp coating took place by the SST. In addition, the adhesiveness of the HAp coating did not deteriorate as a result of the SST according to the CCT. General corrosion of the substrate did not take place under the coating. The HAp coating showed good adhesiveness to the substrate and noticeably improved the corrosion resistance of AZ31 under the severe environment of the salt solution spray. Consequently, the HAp coating has a potential as a protective coating for magnesium alloys. 
